


Accepted Manuscript 


Review 
Animal models of Middle East Respiratory Syndrome coronavirus infection 


Neeltje van Doremalen, Vincent J. Munster 





PI: S0166-3542(15)00168-0 

DOI: http://dx.doi.org/10.1016/j.antiviral.2015.07.005 
Reference: AVR 3665 

To appear in: Antiviral Research 

Received Date: 29 May 2015 

Revised Date: 12 July 2015 

Accepted Date: 16 July 2015 


Please cite this article as: van Doremalen, N., Munster, V.J., Animal models of Middle East Respiratory Syndrome 
coronavirus infection, Antiviral Research (2015), doi: http://dx.doi.org/10.1016/j.antiviral.2015.07.005 


This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers 
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and 
review of the resulting proof before it is published in its final form. Please note that during the production process 
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. 


Animal models of Middle East Respiratory Syndrome coronavirus infection 
Neeltje van Doremalen and Vincent J. Munster* 
Laboratory of Virology, Division of Intramural Research, National Institute of Allergy and 


Infectious Diseases, National Institutes of Health, Hamilton, MT, USA 


Word count abstract: 136 


Word count text: 5160 


Key words: MERS-CoV; animal models; coronavirus; Middle East respiratory syndrome 


coronavirus; emerging viruses; public health 


*Corresponding author: 
Vincent Munster, 
Rocky Mountain Laboratories, 903 South 4th Street, Hamilton, MT, USA; 


Tel.: +1-406-375-7489; Fax: +1-406-375-9620; email: Vincent.munster@nih.gov 


ABSTRACT 
The emergence of the Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012 
marked the second time that a new, highly pathogenic coronavirus has emerged in the human 
population in the 21“ century. In this review, we discuss the current state of knowledge of 
animal models of MERS-CoV infection. Commonly used laboratory animal species‘such as 
Syrian hamsters, mice and ferrets are not susceptible to MERS-CoV, due to differences in the 
MERS-CoV receptor dipeptyl peptidase 4 (DPP4). The initially developed animal models 
comprise two nonhuman primate species, the rhesus macaque and the common marmoset. 
Rhesus macaques develop a mild to moderate respiratory disease upon inoculation, reminiscent 
of milder MERS cases, whereas marmosets develop a moderate to severe respiratory disease, 
recapitulating the severe disease observed in some patients. Dromedary camels, considered to be 
the reservoir for MERS-CoV, develop a mild upper respiratory tract infection with abundant 
viral shedding. Although normal mice are not susceptible to MERS-CoV, expression of the 
human DPP4 (hDPP4) overcomes the lack of susceptibility. Transgenic hDPP4 mice develop 
severe and lethal respiratory disease upon inoculation with MERS-CoV. These hDPP4 transgenic 
mice are potentially the ideal first line animal model for efficacy testing of therapeutic and 
prophylactic countermeasures. Further characterization of identified countermeasures would 
ideally be performed in the common marmoset model, due to the more severe disease outcome. 
This article forms part of a symposium in Antiviral Research on “From SARS to MERS: 


research on highly pathogenic human coronaviruses.” 


I. Introduction 

The Middle East respiratory syndrome coronavirus (MERS-CoV) was initially identified 
in a fatal case of severe respiratory illness in the Kingdom of Saudi Arabia (KSA) in September 
2012, and earlier cases were retrospectively identified from an outbreak of severe respiratory 
illness in Jordan in 2012. Since then, MERS-CoV has caused 1366 laboratory confirmed cases 
with a case-fatality rate of 36% as of July 7, 2015 (Hilgenfeld and Peiris, 2013)(WHO, 2015). 
The majority of cases has been detected in KSA and to a lesser extent the United Arab Emirates 
(UAE), Qatar and Jordan. In addition, travel-associated MERS cases have been reported from 
countries in Europe, Asia, Africa and North-America. Most recently, introduction of one travel- 
associated MERS case in South Korea resulted in a subsequent hospital-associated outbreak 


involving >180 cases (WHO, 2015). 


MERS-CoV is a species in the lineage C of the B-coronavirus genus, which additionally only contains bat 
coronaviruses (de Groot et al., 2013). Severe acute respiratory syndrome coronavirus (SARS-CoV) is an 
example of another species of the B-coronavirus genus, which infected >8000 people in 2002-2003 
(Bolles, Donaldson, and Baric, 2011b). Although the close relationship to several bat coronaviruses 
suggests a bat-related origin, an overwhelming body of evidence points to the involvement of dromedary 
camels in the transmission of MERS-CoV to a human host. Index cases have reported exposure to 
dromedary camels and other livestock (Buchholz et al., 2013; Drosten et al., 2013); serological studies 
have revealed the presence of antibodies against MERS-CoV in dromedary camels, but not in other 
livestock (Alagaili et al., 2014; Haagmans et al., 2014; Reusken et al., 2013): virus was isolated from 
dromedary camels (Azhar et al., 2014; Raj et al., 2014a); and inoculation of dromedary camels with 
MERS-CoV results in a mild upper respiratory tract infection associated with large quantities of viral 
shedding (Adney et al., 2014). These results do not exclude an ancestral bat origin; MERS-CoV might 


have jumped from a bat species to dromedary camels decades agoThe earliest evidence of a MERS-CoV- 


like infection in dromedary camels from Eastern Africa is the detection of neutralizing antibodies in sera 


from 1983 (Muller et al., 2014). 


MERS-CoV infection in humans 

Infection with MERS-CoV in humans results in a range of different clinical manifestations, from mild to 
severe disease. Infection is frequently associated with respiratory disease, although in rare cases viral 
RNA has been found in blood, stool and urine suggesting a systemic infection (Drosten etal., 2013; 
Guery et al., 2013; Kapoor et al., 2014). Based on detection of a higher viraload in bronchoalveolar 
lavage (BAL) compared to oral swabs, viral replication is thought to predominantly take place in the 
lower respiratory tract (Bermingham et al., 2012; Drosten et al., 2013; Guery et al., 2013). This is 
supported by radiology as well as the development of severe acute respiratory syndrome in a portion of 
the patients. A broad range of different symptoms has been reported, including fever, cough, sore throat, 
shortness of breath, chest pain, myalgia, vomiting and diarrhea. In severe cases, patients present with 
acute hypoxic respiratory failure requiring mechanical ventilation. Underlying comorbidities such as 
obesity, hypertension, diabetes mellitus, type II and cardiac disease have been associated with a fatal 
outcome of MERS-CoV infection (Al-Abdallat et al., 2014; Al-Tawfiq, Assiri, and Memish, 2013; Arabi 


et al., 2014; Assiri et al.,.2013; Bermingham et al., 2012). 


As of yet, novautopsy data of MERS-CoV-associated fatal cases is available and the description of MERS 
progression in humans is limited to clinical data such as radiographs, clinical biochemistry and 
hematology findings. Imaging of MERS-CoV patients has commonly revealed unilateral to bilateral 
consolidation and ground-glass opacities, airspace opacities, patchy infiltrates and interstitial changes. 
High numbers of neutrophils and macrophages in BAL have been documented. Both lymphopenia and 
lymphocytosis were reported, as well as thrombocytopenia, elevated lactate dehydrogenase, alanine 
aminotransferase, aspartate transferase and creatinine, suggesting liver, kidney and general tissue damage 


(Ajlan et al., 2014; Al-Abdallat et al., 2014; Assiri et al., 2013; Guery et al., 2013). 


Human-to-human transmission of MERS-CoV seems relatively limited; based on data obtained from 
documented clusters, the Ro (the expected number of secondary infectious cases generated by an average 
primary infectious case in an entirely susceptible population) of MERS-CoV was estimated to be between 
0.60-0.69 (Breban, Riou, and Fontanet, 2013; Kucharski and Althaus, 2015). This suggests that virus 
transmission in humans is currently self-limiting. Clusters of transmission are associated with a hospital 
setting often lacking appropriate infection control measures, or close contacts (Al-Abdallat et al., 2014; 
Assiri et al., 2013; Guery et al., 2013; Health Protection Agency, 2013). Therelative contribution of 
nosocomial transmission is modelled to be four times higher than that of community-acquired infection 


(Chowell et al., 2014). 


MERS-CoV is the second introduction of a highly pathogenic coronavirus into the human population in 
the 21“ century. The recurrent outbreaks of MERS-GoV in humans in the Arabian peninsula and the 
identification of travel-related MERS cases im Africa, Europe, North America and Asia, highlights the 
need for medical countermeasures. Currently no vaccines or effective antiviral drugs exist against 
MERS-CoV, SARS-CoV or any other human coronavirus. For the preclinical development of MERS- 
CoV-specific medical countermeasures there is need for established animal models that recapitulate the 
severe disease observed in humans. In addition, animal models are needed for dissection of the underlying 
mechanisms of pathogenicity of MERS-CoV and the study of cross-species and human-to-human 
transmission. The continuous development of appropriate animal models to conduct medical 


countermeasure research is therefore of utmost importance. 


Animal models for emerging viruses 
Small animal models are regularly used as a first line of research on emerging viruses. Often a virus needs 
to be adapted to the small animal model of interest, such as was the case for SARS-CoV (Roberts et al., 


2007) and Ebola virus (Bray et al., 1998), potentially altering the disease-causing mechanisms in 


comparison to wild-type virus in the human host. Ideally an animal model should reproduce the hallmarks 
of human disease as closely as possible in an immunocompetent animal following a realistic dose of 
challenge virus via an appropriate inoculation route (Safronetz, Geisbert, and Feldmann, 2013). An 
important component of the FDA’s Animal Rule, which concerns the approval of new drugs when human 
efficacy studies are not ethical or feasible, states that FDA will rely on evidence from animal studies if the 
animal models used are expected to react with a response predictive of humans or a single animal model 
is sufficiently characterized to predict the human response (U.S. Department of Health and Human 
Services Food and Drug Administration, 2014). As such, species closely related to humans, such as non- 
human primates, have a greater potential to be developed into models predictive of human response and 
disease outcome. Importantly, for the evaluation of specific antivirals and vaccines these disease models 


will provide the best predictive value. 


II. The role of the MERS-CoV receptor DPP4 in host tropism 


The coronavirus spike (S) protein binds to a cell-associated receptor prior to entry. The specific receptor 
as well as the ability of the S protein to bind to different variants of this receptor determines the host 
tropism of the virus (Graham and Baric, 2010; van Doremalen et al., 2014). , The receptor for MERS- 
CoV was identified to be an exopeptidase; dipeptidyl peptidase 4 (DPP4) (Raj et al., 2013).,DPP4 is a 
type II cell surface glycoprotein which forms dimers and has a widespread organ distribution,,with a 
variable and cell-dependent expression pattern. DPP4 is multifunctional and plays a role in processes such 
as cell adhesion, apoptosis and lymphocyte stimulation (Lambeir et al., 2003).,For this last function, the 
interaction between DPP4 and adenosine deaminase (ADA) is thought to be of importance. Interestingly, 
the amino acids of DPP4 interacting with ADA show a great overlap with the amino acids interacting 
with MERS-CoV S protein (Lu et al., 2013; Wang et al.,.2013). During species evolution the need to 
maintain the interaction between ADA and DPP4 might have limited the potential of variation of the 
interacting amino acids. This restriction in variability of DPP4 orthologs could explain the relatively large 
number of potential hosts of MERS-CoV based on in vitro data (Chan et al., 2013a; Chan et al., 2013b; 
Kindler et al., 2013; Muller et al., 2012). ADA was shown to compete with S for binding with DPP4, 


highlighting the similarities in protein-protein contact between these two complexes (Raj et al., 2014b). 


Upon identification of DPP4 as the receptor for MERS-CoV, co-crystallization of the complex of DPP4 
and the receptor binding domain (RBD) of S was performed by several different groups. These studies 
revealed a protein-protein contact mainly mediated by hydrophilic residues involving the blades IV and V 
of the. DPP4 B-propeller and a RBD homologous to that of SARS-CoV (Chen et al., 2013; Lu et al., 2013; 
Wang et al., 2013). A number of interacting amino acids were identified (Table /) and used to predict the 
ability of various species to function as a host for MERS-CoV (van Doremalen et al., 2014). This method 
can be particularly useful when choosing potential animal models and searching for reservoir or 


intermediate hosts. 


The importance of DPP4 as the main limiting factor in the observed host tropism of MERS-CoV has been 
shown by several groups. In vitro, it was shown that expression of human DPP4 and other orthologs of 
DPP4 on non-susceptible cells rendered them susceptible, whereas this was not the case for hamster, 
mouse and ferret DPP4 (Cockrell et al., 2014; Raj et al., 2014b; van Doremalen et al., 2014). Alteration of 
just five amino acids in hamster DPP4 (van Doremalen et al., 2014) and two in mouse DPP4 (Cockrell et 
al., 2014) allowed for entry of MERS-CoV into previously non-susceptible cells. This underlines the lack 
of variability between DPP4 orthologs and the associated potential for the S protein to adapt to different 


host species. 


A common strategy for the development of small animal models 4s,the adaptation of the virus to the host. 
This has been done previously for Ebola virus by serially passaging the virus in progressively older 
suckling mice (Bray et al., 1998) and for SARS-CoV _by 15 passages in the respiratory tract of young 
BALB/c mice (Roberts et al., 2007). Further investigation of the six amino acid mutations in mouse- 
adapted SARS-CoV identified a single aminovacid change within the S protein as necessary, but not 
sufficient for the observed increased pathogenicity, compared to wild-type SARS-CoV. This is thought to 
be associated with an increased affinity for the murine receptor ortholog (Frieman et al., 2012). 
Interestingly, both mouse and hamster DPP4 contain a R336T substitution which removes a highly 
conserved positive charge and introduces a glycosylation site. For murine DPP4, this glycosylation site 
has been shown to. be a hindrance in cell entry for MERS-CoV (Peck et al., 2015). Glycosylation of DPP4 
might be an important limitation in the ability to adapt MERS-CoV to a host in the development of small 


animal models. 


Il. Small animal models of human MERS-CoV infection 


Several small animal species have been evaluated for their ability to support MERS-CoV replication, with 


variable degrees of success (see Table 2 for summaries). 


Mice 

Three different mouse strains (Mus musculus) that developed disease upon infection with mouse-adapted 
SARS-CoV have been evaluated as MERS-CoV infection models: immunocompetent. BALB/c mice, 
129S6/SvEv and innate immune-deficient 129/STAT1-/- mice. Eight-week-oldamice of these strains were 
intranasally (IN) inoculated with PBS, 120 or 1200 TCIDs» of MERS-CoV. strain HCoV-EMC/2012 and 
euthanized on 2, 4 (BALB/c) or 9 (129S6/SvEv and 129/STAT1-/-),dpi. No significant weight loss was 
observed and no infectious virus could be detected in the lungs ofany mouse strain. Genomic MERS- 
CoV RNA was detected, but no viral messenger RNA» Only minor pathological lesions or signs of an 
inflammatory response were observed in the lungs) Seropositivity in these mice was not tested. Together, 


these data suggest a lack of viral replication in mice (Coleman et al., 2014b). 


Syrian hamsters 

Syrian hamsters (Mesocricetus auratus) were inoculated intratracheally (IT) with 10° TCID» or 10° 
TCID; of HCoV-EMC/2012, or via aerosolization with 4x10° TCIDs9 of HCoV-EMC/2012 and 
euthanized on day 2, 4, 8, 14 or 21 post infection. None showed clinical signs of disease, weight loss or 
changes in body temperature. Nasal, oropharyngeal, urogenital and fecal swabs, collected daily, were 
negative for viral RNA. Upon necropsy, no gross or microscopic lesions were observed and no viral RNA 
was detected in any investigated tissue. Finally, no up-regulation of Mx2 gene expression, an indicator of 
an innate immune response, was detected and the hamsters did not seroconvert. As with the different 


mouse strains, this suggests a lack of MERS-CoV replication in Syrian hamsters (de Wit et al., 2013a). 


Ferrets 

Ferrets (Mustela putorius furo) are susceptible to several respiratory pathogens, such as SARS-CoV and 
influenza A virus. Upon IT and IN inoculation of ferrets with 10° TCIDs9 of HCoV-EMC/2012, viral 
RNA was only detected in nasal and oropharyngeal swabs up to 2 dpi, and not in the 12 days thereafter. 


No infectious virus was detected, and none of the animals seroconverted (Raj et al., 2014b). 


Rabbits 

Primary rabbit cells as well as rabbit tissue slices can be infected with MERS=CoV, which prompted the 
investigation of the feasibility of a rabbit MERS-CoV infection model (Haagmans et al., 2015). Six- 
month-old female New Zealand white rabbits (Oryctolagus cuniculus) were IN and IT inoculated with 
5x10° TCID» of HCoV-EMC/2012 and euthanized on 3, 4 or 2ħdpi. All animals remained free of 
clinical signs of disease, and no changes in body temperature or weight were observed during the 
experiment. Infectious virus could be detected in nasal swabs up to 7 dpi, and in oropharyngeal swabs up 
to 3 dpi in a limited number of samples. No infectious virus or viral RNA could be detected in rectal 
swabs. Infectious virus at low levels;could be isolated from lung tissue, whereas viral RNA was detected 
in the respiratory tract, centralmervous system and spleen but not the kidney, liver or intestine. No gross 
pathology was observed.at necropsy, however microscopically mild to moderate rhinitis and focal mild to 
moderate necrosis was>observed in nasal turbinates. Furthermore, moderate proliferation in bronchus- 
associated lymphoid tissue was observed. No lesions were found in any other tissue. Using in situ 
hybridization, MERS-CoV RNA was detected in type I and type II pneumocytes, bronchiolar epithelial 
cells, and nasal epithelial cells. MERS-CoV antigen was detected in respiratory epithelium, olfactory 
epithelium, type I and type II pneumocytes, bronchial and bronchiolar epithelial cells and alveolar 
epithelial cells (Table 2). Expression of MERS-CoV antigen seemed most prominent in the upper 


respiratory tract. Seroconversion of rabbits was observed after 21 days (Haagmans et al., 2015). 
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IV. Mice expressing human DPP4 


An alternative to adaptation of MERS-CoV to mice is the expression of human DPP4 in murine tissues. 
The functionality of such a model has been shown in two different ways: transient expression of human 
DPP4 in mouse lungs, established by infection with a recombinant adenovirus encoding human DPP4 
(Zhao et al., 2014) and transgenic mice expressing human DPP4 in all tissues (Agrawal et ali, 2015; 


Pascal et al., 2015). 


Infection of mice with an adenovirus encoding human DPP4 
A replication-deficient adenovirus containing a FLAG and myc-tagged human DPP4 cDNA was 


developed and used to transduce a variety of immunocompetent and.immunodeficient strains of mice: 


e 6-12 week-old BALB/c and C57BL/6 

e 18-22 month-old BALB/c and C57BL/6 

e MAVS-/- (impaired in RIG-I-like receptors) 
e MyD88-/- (impaired in Toll-like receptors) 
e =IFNAR-/- (impaired in IFN signaling) 

e TCRa-/- (deficient in T cells) 

e uMT (deficient in B cells) 

e RAGI-/- (deficient in T and B cells) and 

e SCID mice (deficient in T andB cells). 


Inoculation of healthy young and old mice with MERS-CoV 5 days after inoculation with adenovirus 
resulted in MERS-CoV replication, but not mortality. Virus was cleared in 6-8 days in young 
immunocompetent mice and 10-14 days in old mice. Moderate weight loss was only observed in older 
mice. Virus clearance was delayed in MyD88-/- and IFNAR-/- mice compared to WT mice, but not in 
MAVS-/- mice. Deficiency in T cells, but not B cells, resulted in a lack of clearance of the virus (Zhao et 


al. 2014). 


Transgenic hDPP4 mice 
Using an hDPP4 expression cassette, transgenic mice expressing human DPP4 in all tissues were 


generated. Upon IN inoculation of transgenic and WT mice with 10° TCIDso of MERS-CoV, mice 
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expressing hDPP4, but not WT mice, started losing weight 2 dpi, up to 30% at 5 dpi. Mortality was 100% 
on day 6 postinfection. Viral shedding was not investigated. Viral RNA could be detected in the lungs, 
brain, heart, spleen, and intestine of hDPP4-expressing mice, but not in the liver or kidney. Infectious 
virus was isolated from lungs (2 and 4 dpi) and brain (4 dpi), but no other investigated tissues. Gross 
lesions (red to dark red discoloration and multifocal consolidation) were observed in the lungs of hDPP4- 
expressing mice. Microscopically, a moderate bronchointerstitial pneumonitis was observed 2 dpi (Figure 
IA), which progressed to include more intense cellular infiltrates 4 dpi. No pathological changes were 
observed in the brain (Figure 1B). Viral antigen was detected in type I and type II pneumocytes, brain 
microglia, astrocytes, and neuronal cells (Figure 1, Table 2). Elevated gene expression of antiviral 


cytokines, proinflammatory cytokines and chemokines was detected by qRT-PCR (Agrawal et al., 2015). 


A second transgenic mouse model was developed by Pascal et al. Here, mouse DPP4 was replaced with 
human DPP4. No clinical signs or mortality were observed upon IN inoculation with 2 x 10° pfu of 
MERS-CoV. Viral RNA as well as infectious virus could be detected in homogenized lung tissue on 2 
and 4 dpi, but not brain tissue. At 2 dpi, peribronchiolar inflammation accompanied with minimal 
perivascular inflammation. This developed into significant interstitial infiltration with perivascular 
cuffing and extensive alveolar thickening (Pascal et al., 2015). In conclusion, hDPP4 expressing mice are 


susceptible to infection by MERS-CoV, resulting in severe disease. 
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V. Nonhuman primate models of MERS-CoV infection 


Two species of nonhuman primates (NHP) have been developed as MERS animal models: the rhesus 
macaque (Macaca mulatta) (de Wit et al., 2013b; Munster, de Wit, and Feldmann, 2013; Yao et al., 2014) 
and common marmoset (Callithrix jacchus) (Falzarano et al., 2014). Inoculation of both of these species 
with MERS-CoV leads to viral replication, but disease is more severe in the common marmoset than in 


the rhesus macaque. 


Rhesus macaques 

The rhesus macaque was the first described MERS animal model, which consequently fulfilled Koch’s 
postulates confirming MERS-CoV as the causative agent of MERS»Rhesus macaques (age 2-3 or 6-12 
years old) were inoculated with strain HCoV-EMC/2012 with either a combination of inoculation routes 
(IT, IN, oral and ocular) or IT only, using 1 to 6.5 x 10’ TCID;/animal. Observed clinical signs were 
mild to moderate, appeared within 24 hours and were transient. An increase in body temperature, reduced 
appetite, increased respiratory rate, cough, piloerection and hunched posture were reported. Radiographic 
imaging showed varying degrees of localized infiltration and interstitial markings. None of the animals 


reached a clinical score requiring euthanasia (de Wit et al., 2013b; Munster et al., 2013; Yao et al., 2014). 


Analysis of blood samples collected throughout the experiment revealed an increase in white blood cell 
counts, particularly neutrophils. Nasal and oropharyngeal swabs were positive for MERS-CoV RNA, in 
contrast to urogenital and fecal swabs, and bronchoalveolar lavage was positive. Viral RNA was detected 
in the.lungs, as well as conjunctiva, nasal mucosa, tonsils, pharynx, trachea, bronchus and mediastinal 
lymph nodes when a combination of inoculation routes was used. No viral RNA was detected in further 
non-respiratory tissue samples. This correlates with the occurrence of bright red lesions throughout the 
lower respiratory tract, but not other organs. Microscopically, a thickening of alveolar septae by edema 


fluid and fibrin, with small to moderate numbers of macrophages and neutrophils was observed. Viral 
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antigen was found in type I and II pneumocytes, as well as in alveolar macrophages (Figure 2, Table 3). 
Neutralizing antibody could be found beginning at 7 dpi. An upregulation in genes associated with 
proinflammatory processes as well as recruitment of inflammatory cells was noted early in infection, 


which decreased over time (de Wit et al., 2013b; Munster et al., 2013; Yao et al., 2014). 


Common Marmosets 

The potential of using the common marmoset as a MERS-CoV infection model was first investigated in 
vitro by testing the functionality of the receptor ortholog for MERS-CoV, DPP4 (Raj et al., 2013). In 
silico modeling of DPP4-S protein binding, showed a similar binding energy between human and 
marmoset DPP4 with spike, whereas modeling ferret DPP4 with S,protein results in a higher binding 
energy, indicative of decreased or a lack of binding. Subsequently, nine male common marmosets aged 2- 
6 years were inoculated with 5.2 x 10° TCIDs) HCoV-EMC/2012 using a combination of routes (IT, IN, 
oral, and ocular). In contrast to rhesus macaques, they developed moderate to severe signs of respiratory 
disease, including increased respiratory rate up to >150 respiratory rates per minute, open mouth 
breathing, loss of appetite, decreased levels of activity, failure to move upon prompting, and the presence 
of oral frothy hemorrhagic discharge. A transient decrease in body temperature was noted. On 4 dpi, two 
animals were euthanized:due to severity of disease based on clinical symptoms. The remaining animals 
were euthanized on 3 dpi, 6 dpi, or monitored for survival. Radiographic imaging showed mild to severe 


bilateral interstitial infiltration, in cases combined with partial or full congestion of the bronchioles. 


In contrast to the rhesus macaque model, no clinically relevant alterations in blood cell counts and 
chemistry were found in any animals, although changes could have been missed due to the lack of serial 
samples. Interestingly, as in some human cases, an elevation of alanine aminotransferase, aspartate 
transferase and creatinine was observed, although these elevation were not outside of the normal 
marmoset range. Nasal and oropharyngeal swabs were positive for MERS-CoV RNA up to 13 days post 


inoculation. Viral RNA was also detected in blood samples, as well as all investigated tissues (respiratory 
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tract, conjunctiva, lymph nodes, gastrointestinal tract, kidney, heart, adrenal gland, liver, spleen and 
brain) in at least one animal. Viral load was found to be highest in the lungs, and no significant decrease 
was found between 3, 4, and 6 dpi. Survivors, euthanized on 48 and 55 dpi were negative in all tissues. 


Infectious virus isolation was achieved on respiratory tissue, but not kidney. 


Upon necropsy, lesions with multifocal consolidation and dark red discolorations were found on day 3 
postinfection, which progressed into extensive severe lesions on 4 and 6 dpi, with,an increased lung to 
body weight ratio, compared to 3 dpi and fluid leaking from tissue (Falzaranovet al.; 2014). The observed 
consolidation has also been reported in patients, based on radiologic findings\(Ajlan et al., 2014; Al- 


Abdallat et al., 2014; Assiri et al., 2013; Guery et al., 2013). Noother tissues showed gross pathology. 


Microscopically, the lungs showed multifocal to coalescing, moderate to marked acute bronchointerstitial 
pneumonia on 3 and 4 dpi, coupled with type Ipneumocyte hyperplasia and consolidation of pulmonary 
fibrin on 6 dpi indicative of a chronic reparative stage of pneumonia. Viral antigen was exclusively 
associated with regions that contained pathological changes and was found in the lower respiratory tract, 
but not the upper respiratory tract. The primary cell types for MERS-CoV replication were type I 
pneumocytes and alveolar macrophages (Table 2). Both surviving animals seroconverted. As seen with 
the rhesus macaques, an upregulation in genes associated with proinflammatory processes as well as 


recruitment of inflammatory cells was noted (Falzarano et al., 2014). 


The observed disease in marmosets seems to recapitulate the documented disease progression in severe 
MERS cases more closely than rhesus macaques, which appear to model the mild to moderate, transient 
MERS cases. The marmoset is a severe disease model, whereas the rhesus macaque model is transient. 
Furthermore, certain hallmarks of severe disease observed in humans, such as consolidation of the lungs 
and changes in blood chemistry indicative of liver or kidney failure, are reproduced in the marmoset 


model. The evaluation of antivirals and vaccines might therefore be more predictive in marmosets than in 
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rhesus macaques. However, the relatively small size of the marmoset limits the number of samples that 
can be taken and consequently the data obtained within an experiment. Both models provide important 
insights into the MERS-CoV infection mechanism and disease progression, and further development is 


desirable. 
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VI. Natural hosts of MERS-CoV 


Using the potential reservoir of MERS-CoV as an animal model could play an important role in 
elucidation of the ecology and transmission cycle of the virus. Dromedary camels have been 


experimentally infected with MERS-CoV. 


Dromedary camels 

MERS-CoV-seronegative dromedary camels (Camelus dromedarius) aged between 2.and 5 years old 
were inoculated by the IT, IN and ocular routes with 10’ TCID; MERS-CoV strain HCoV-EMC/2012 
(Adney et al., 2014). Mild clinical signs were observed, consisting of rhinorrhea which persisted for two 
weeks and an elevation in body temperature on 2 and 5-6 dpi. Both oropharyngeal and nasal swabs were 
positive for infectious virus (up to 7 dpi) as well as viral RNA (up to 35 dpi), although viral load was 
much higher in nasal samples than in oropharyngeal samples. Viral RNA was also detected in excreted 
breath, although no infectious virus was found. Nouinfectious virus or viral RNA was detected in urine, 
blood or fecal samples. 

Tissue samples were positive for infectious virus at 5 dpi, but not at 28 and 42 dpi. Interestingly, virus 
was mostly found in the upper respiratory tract and to a lesser extent in the lower respiratory tract. No 
virus was detected in any other tissue except for lymph nodes. Observed lesions in the respiratory tract at 
5 dpi were characterizedvas mild to moderate acute intraepithelial and submucosal inflammation.. At 28 
dpi, these lesionsappeared milder and at 42 dpi no lesions were observed. In line with these findings, 
viral antigen was found in the epithelial cells of the nasal turbinates, larynx, trachea, bronchi and 
bronchioles, but not alveoli at 5 dpi (Figure 2), was limited to just the nasal turbinates at 28 dpi and was 


not found at 42 dpi. Neutralizing antibodies were detected starting at 14 dpi 
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VII. Countermeasure development 


In light of the recent outbreak in South Korea and the ongoing outbreaks in Saudi Arabia, the 
development of countermeasures such as antivirals and vaccines is important. Although more than a 
thousand cases of MERS-CoV have been detected, overall the transmission potential of the virus has been 
limited and is mostly observed in hospital settings (Al-Abdallat et al., 2014; Assiri et al., 2013; Guery et 
al., 2013; Health Protection Agency, 2013). As such, widespread vaccination against MERS-GoV in 
endemic areas seems currently unnecessary. Instead, potential vaccination programs should focus on 
individuals most at risk of contracting or spreading MERS-CoV. Two different:groups qualify for this 
approach: at-risk groups consisting of people with immunocompromising health issues or other 
comorbidities, such as diabetes, and people who are more commonly exposed to the virus via work- 
related activities, such as animal handlers and health-care:providers. A recent cross-sectional serological 
study from Saudi Arabia found that seroprevalence was increased by 15 times in shepherds and by 23 
times in slaughterhouse workers compared to the general population, providing support for this potential 
vaccination approach (Muller et al., 2015). An alternative vaccination approach would be to prevent 
zoonotic transmission by vaccinating young camels, thereby reducing or limiting the exposure of humans 
to MERS-CoV. Several studies are currently looking into the potential of the development of a camel 
vaccine against MERS-CoV as a countermeasure to block camel-to-human transmission (Kupferschmidt, 
2015). 

Animal models play a pivotal role in the development of vaccines. The hDPP4-expressing mice 
model is a perfect first-line model to investigate the correlates of protection of these vaccines. This is of 
particular importance with coronaviruses, as some coronavirus vaccines showed immune-mediated 
enhancement of disease, or so-called “vaccine-induced immunopotentiation.” For these vaccines, vaccine- 
induced immunity in animals is atypical and wanes quickly. Subsequent infection with the agent of 
interest then results in increased pathology compared to unvaccinated animals (Deming et al., 2006; 


Vennema et al., 1990). For SARS-CoV, this effect is thought to be caused by incorporation of the SARS- 
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CoV nucleocapsid protein, resulting in induction of an atypical Th2 adaptive immune response and 
consequently eosinophilic immunopathology rather than the Thl immune response associated with 
natural SARS-CoV infection (Bolles et al., 2011a; Tseng et al., 2012; Tsunetsugu- Yokota et al., 2007; 
Wong et al., 2004; Yasui et al., 2008). 

Immunogenicity of MERS-CoV vaccine candidates has been evaluated in non-susceptible mice 
(Coleman et al., 2014a; Guo et al., 2015; Tang et al., 2015). Zhao et al. used Venezuelan equine 
encephalitis replicon particles expressing MERS-CoV S protein (VRP-S) as a vaccination method. 
Immunization with VRP-S using a prime-boost regimen reduced MERS-CoY titers to nearly undetectable 
levels by day 1 p.i. (Zhao et al., 2014). Volz et al. demonstrate protection against MERS-CoV by 
modified vaccinia virus Ankara S protein (MVA-MERS-S) vaccinatiomof mice sensitized with 
adenovirus expressing human DPP4. Single subcutaneous or intramuscular immunization with different 
doses of MVA-MERS-S resulted in MERS-CoV neutralizing antibodies as well as S antigen-specific T 
cells in mice. Transduction of mice 45 days postvaccination with adenovirus expressing hDPP4 and 
subsequent challenge with MERS-CoV 50 days postvaccination resulted in a decrease in pathological 
changes and significantly lower viral loads in lung tissue compared to mock-vaccinated control mice 
(Volz et al., 2015) (Table 3). 

Therapeutic options on the other hand will need to be developed for the treatment of sick 
individuals, aimed.to directly treat symptoms as well as increase the survival rate associated with MERS- 
CoV infection. A potential fast-track countermeasure is the repurposing of existing therapeutics. The first 
MERS-CoV treatment study investigated two existing antiviral drugs, interferon-alpha-2b (IFN-a2b) and 
ribavirin. After efficacy of combination treatment with ribavirin and IFN-a2b was shown in vitro 
(Falzarano et al., 2013a), in vivo efficacy was verified in rhesus macaques. Upon treatment with both 
IFN-a2b and ribavirin eight hours postinfection , animals showed a much milder disease compared to 
untreated infected macaques; no to very mild radiographic evidence of pneumonia, decreased 


proinflammatory markers, decreased viral load and less severe histopathological changes in the lungs. 


19 


This study suggests that treatment of MERS-CoV-infected rhesus macaques with IFN-a2b and ribavirin 


improves outcome of infection (Falzarano et al., 2013b). 


Convalescent plasma administration has been identified as a potential treatment option by the WHO. 
Administration of convalescent plasma significantly reduced viral titers in the lungs of adenovirus-hDPP4 
sensitized mice 1, 3, and 5 days post challenge with MERS-CoV (Zhao et al., 2014). Likewise, 
convalescent sera obtained from camels decreased pathological changes and increased viral clearance in 
the lungs of mice sensitized to MERS-CoV with adenovirus-hDPP4 (Zhao etal., 2015). Finally, 
administration of monoclonal antibodies in transgenic mice expressing human DPP4 in place of mouse 
DPP4 one day before or one day after challenge with MERS-CoV resulted in a significant decrease in 
viral titers in lungs compared to controls (Pascal et al., 2015) (Table 4). Studies like these are urgently 


needed in the development of treatment options for hospitalized MERS-CoV infected individuals. 


VIII. Conclusion 


Although a variety of animal species have been tested as a MERS-CoV infection model, only the NHP 
models and hDPP4-expressing mice show severe clinical symptoms upon inoculation. These models will 
now need to be utilizedfor the development of prophylactic and therapeutic medical countermeasures. 
Further development of the hDPP4 transgenic mouse models will provide an easy-to-use, relatively cheap 
and accessible first-line model. In addition, the marmoset model seems to be the most appropriate to 
further test the potential of different treatments options identified in hDPP4 transgenic mouse models, 
such as monoclonal antibodies. The development of reservoir models, such as the dromedary camel, will 
provide crucial insights into the ecology and transmission of MERS-CoV. In addition, the dromedary 
camel model of MERS-CoV infection will help to determine the feasibility of reservoir vaccination as a 


countermeasure against MERS-CoV. 
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A difference in cell and tissue tropism in the upper and lower respiratory tract between dromedary camels 
and NHPs has been observed and is highlighted in Figure 2. These differences could explain the 
difference in severity of disease, and could be instrumental in furthering our understanding of 
pathogenesis as well as transmission potential of MERS-CoV. Realizing the potential and limitations of 
the animal models discussed in this review will result in a better understanding of MERS-CoV ecology 
and development of medical countermeasures. As the number of MERS cases is still onthe rise, ongoing 


research into different animal models and potential countermeasures is crucial. 
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Table 1. Amino acid residues of different DPP4 orthologs interacting with the S protein of MERS-CoV 


(van Doremalen et al., 2014). 
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Dromedary Camel Rabbit DPA mice 
IHCoV-EMC/2012 IHCoV-EMC/2012 IHCoV-EMC/2012 
IT, IN and ocular IT and IN 


Increased RR 
Extensive weight loss 
Ruffled fur 

Lethargy 


Severity of disease Severe 
J Transient Transient Lethal 


one 
i ild 
Virus distribution URT T LRT 
Infectious virus Lesser extend LRT i 
RT 


; kaini U 
Virus distribution 


RNA 


ciliated pseudostratified 
columnar epithelial 
cells 

ciliated columnar 
epithelial cells 

Mild to moderate acute 
intraepithelial and 
submucosal 
inflammation 


Type I pneumocytes 
Type II pneumocytes 
Brain microglia 
Astrocytes 

Neuronal cells 


espiratory epithelium 
Olfactory epithelium 

ype I pneumocytes 

ype II pneumocytes 


Virus distribution 
antigen 


Moderate 
bronchointerstitial 
pneumonia 





Table 2. Summary of characteristics of MERS CoV infection of dromedary camels, rabbits and hDPP4+ 
mice. . * = virabloadas determined by qRT-PCR UpE assay (Corman et al., 2012), Log10. RR = 
Respiratory rate; NC = nasal cavity (nasal turbinates and/or nasal mucosa); URT = Upper respiratory tract 
(nasal turbinates and mucosa, pharynx and larynx); LRT = Lower respiratory tract (trachea and lungs 
(bronchi, bronchioles, alveoli)); ND = not detected; - = not done; IT = intratracheal; IN = intranasal. 
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Nn RwWNrF CO 





Challenge virus HCoV-EMC/2012 HCoV-EMC/2012 


Inoculation route Te een oonlat IT, IN and oral, ocular 
or IT only 


Increased RR pee i 
Open mouth breathing 
Increased temp 


A Loss of appetite 
Reduced appetite Lethargy 


Severity of disease Mild to moderate Severe 
y Transient Partially lethal 
Virus distribution URT 


URT 
Virus distribution 


Type I pneumocytes 
Type II pneumocytes 
[Alveolar macrophages 


Type I pneumocytes 
Alveolar macrophages 


Mild to marked 


j a A |bronchointerstitial 
interstitial pneumonia 


pneumonia 


Table 3. Summary of characteristics of rhesus macaque and marmoset models of MERS. . * = viral load 
as determined by qRT-PCR UpE assay (Corman et al., 2012), Log10. RR = Respiratory rate; NC = nasal 
cavity (nasal turbinates and/or nasal mucosa); URT = Upper respiratory tract (nasal turbinates and 
mucosa, pharynx and.Jarynx); LRT = Lower respiratory tract (trachea and lungs (bronchi, bronchioles, 
alveoli)); ND = not detected; - = not done; IT = intratracheal; IN = intranasal. 
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Animal model 


Countermeasure tested 


Reference 





Rhesus macaque 


Interferon-a2b and ribavirin 


combination therapy 


(Falzarano et al., 2013a) 





Transgenic hDPP4 mice 


Monoclonal antibodies 


(Pascal et al., 2015) 








Adenovirus-induced hDPP4 


expressing mice 


Convalescent camel sera 


(Zhao et al., 2015) 





VRP-S 


(Zhao et al.72014) 








MVA-MERS-S 





(Volz,et al., 2015) 








Table 4. Countermeasures that have been tested in MERS-CoV animabh models 


26 


10 


11 


12 


13 


14 


15 


16 


17 


18 


19 


20 


21 


22 


23 


Figure legends 

Figure 1. Pathology of lung and brain tissue upon inoculation with MERS-CoV in transgenic human 
DPP4 mice. Histopathological changes and viral antigen staining in lung (A) and brain (B) tissue of 
normal mice (Tg-) and transgenic human DPP4 mice (Tg+) infected with MERS-CoV two (A) and four 


(B) dpi. Images obtained from Agrawal et al. (Agrawal et al., 2015) and reprinted with permission. 


Figure 2. Immunohistochemical analyses of respiratory tract tissue of dromedary camel and rhesus 
macaque inoculated with MERS-CoV. The width and color intensity of the left;and right triangles indicate 
the distribution of MERS-CoV antigen throughout the respiratory tract (dark red and wider for more 
antigen, light red and narrow for less or no antigen). Panel 1. Dromedary camel. Viral antigen staining is 
mostly found in the nasal turbinates and to a lesser extend in trachea and bronchi on ciliated 
pseudostratified columnar epithelial cells. In the bronchiole, rare ciliated columnar epithelial cell staining 
is detected. Panel 2. Rhesus macaque. Viral antigen staining is found in type I & II pneumocytes and 


occasional alveolar macrophage in the alveoli: 


27 


REFERENCES 


Adney, D.R., van Doremalen, N., Brown, V.R., Bushmaker, T., Scott, D., de Wit, E., Bowen, R.A. and 
Munster, V.J., 2014. Replication and shedding of MERS-CoV in upper respiratory tract of 
inoculated dromedary camels. Emerg Infect Dis 20, 1999-2005. 

Agrawal, A.S., Garron, T., Tao, X., Peng, B.H., Wakamiya, M., Chan, T.S., Couch, R.B. and Tseng, C.T., 
2015. Generation of a transgenic mouse model of middle East respiratory syndrome coronavirus 
infection and disease. Journal of virology 89, 3659-70. 

Ajlan, A.M., Ahyad, R.A., Jamjoom, L.G., Alharthy, A. and Madani, T.A., 2014. Middle East respiratory 
syndrome coronavirus (MERS-CoV) infection: chest CT findings. AJR. American journal of 
roentgenology 203, 782-7. 

Al-Abdallat, M.M., Payne, D.C., Alqasrawi, S., Rha, B., Tohme, R.A., Abedi, G.R., AlNsour, M., Iblan, 
I., Jarour, N., Farag, N.H., Haddadin, A., Al-Sanouri, T., Tamin, A., Harcourt, J.L., Kuhar, D.T., 
Swerdlow, D.L., Erdman, D.D., Pallansch, M.A., Haynes, L.M. and Gerber, S.I., 2014. Hospital- 
associated outbreak of Middle East respiratory syndrome coronavirus» a serologic, epidemiologic, 
and clinical description. Clinical infectious diseases : an official publication of the Infectious 
Diseases Society of America 59, 1225-33. 

Al-Tawfig, J.A., Assiri, A. and Memish, Z.A., 2013. Middle East respiratory syndrome novel corona 
MERS-CoV infection. Epidemiology and outcome update: Saudi medical journal 34, 991-4. 

Alagaili, A.N., Briese, T., Mishra, N., Kapoor, V., Sameroff, S:C., Burbelo, P.D., de Wit, E., Munster, 
V.J., Hensley, L.E., Zalmout, I.S., Kapoor, A., Epstein, J.H., Karesh, W.B., Daszak, P., 
Mohammed, O.B. and Lipkin, W.I., 2014. Middle Eastrespiratory syndrome coronavirus 
infection in dromedary camels in Saudi Arabia. mBio 5, e00884-14. 

Arabi, Y.M., Arifi, A.A., Balkhy, H.H., Najm, H., Aldawood, A.S., Ghabashi, A., Hawa, H., Alothman, 
A., Khaldi, A. and Al Raiy, B., 2014. Clinical course and outcomes of critically ill patients with 
Middle East respiratory syndrome coronavirus infection. Annals of internal medicine 160, 389- 
97. 

Assiri, A., Al-Tawfiq, J.A., Al-Rabeeah, A.A., Al-Rabiah, F.A., Al-Hajjar, S., Al-Barrak, A., Flemban, 
H., Al-Nassir, W.N., Balkhy, H.H., Al-Hakeem, R.F., Makhdoom, H.Q., Zumla, A.I. and 
Memish, Z.A., 2013. Epidemiological, demographic, and clinical characteristics of 47 cases of 
Middle East respiratory syndrome coronavirus disease from Saudi Arabia: a descriptive study. 
The Lancet. Infectious diseases 13, 752-61. 

Azhar, E.I., El-Kafrawy,S.A., Farraj, S.A., Hassan, A.M., Al-Saeed, M.S., Hashem, A.M. and Madani, 
T.A., 2014. Evidence for camel-to-human transmission of MERS coronavirus. The New England 
journal of medicine 370, 2499-505. 

Bermingham, A., Chand, M.A., Brown, C.S., Aarons, E., Tong, C., Langrish, C., Hoschler, K., Brown, 
K., Galiano, M., Myers, R., Pebody, R.G., Green, H.K., Boddington, N.L., Gopal, R., Price, N., 
Newsholme, W., Drosten, C., Fouchier, R.A. and Zambon, M., 2012. Severe respiratory illness 
Caused by a novel coronavirus, in a patient transferred to the United Kingdom from the Middle 
East, September 2012. Euro surveillance : bulletin Europeen sur les maladies transmissibles = 
European communicable disease bulletin 17, 20290. 

Bolles, M., Deming, D., Long, K., Agnihothram, S., Whitmore, A., Ferris, M., Funkhouser, W., Gralinski, 
L., Totura, A., Heise, M. and Baric, R.S., 201 la. A double-inactivated severe acute respiratory 
syndrome coronavirus vaccine provides incomplete protection in mice and induces increased 
eosinophilic proinflammatory pulmonary response upon challenge. Journal of virology 85, 
12201-15. 

Bolles, M., Donaldson, E. and Baric, R., 2011b. SARS-CoV and emergent coronaviruses: viral 
determinants of interspecies transmission. Current opinion in virology 1, 624-34. 

Bray, M., Davis, K., Geisbert, T., Schmaljohn, C. and Huggins, J., 1998. A mouse model for evaluation 
of prophylaxis and therapy of Ebola hemorrhagic fever. The Journal of infectious diseases 178, 
651-61. 


28 


115 
116 
117 
118 
119 
120 
121 
122 
123 
124 


Breban, R., Riou, J. and Fontanet, A., 2013. Interhuman transmissibility of Middle East respiratory 
syndrome coronavirus: estimation of pandemic risk. Lancet. 

Buchholz, U., Muller, M.A., Nitsche, A., Sanewski, A., Wevering, N., Bauer-Balci, T., Bonin, F., 
Drosten, C., Schweiger, B., Wolff, T., Muth, D., Meyer, B., Buda, S., Krause, G., Schaade, L. and 
Haas, W., 2013. Contact investigation of a case of human novel coronavirus infection treated in a 
German hospital, October-November 2012. Euro surveillance : bulletin Europeen sur les maladies 
transmissibles = European communicable disease bulletin 18. 

Chan, J.F., Chan, K.H., Choi, G.K., To, K.K., Tse, H., Cai, J.P., Yeung, M.L., Cheng, V.C., Chen, H., 
Che, X.Y., Lau, S.K., Woo, P.C. and Yuen, K.Y., 2013a. Differential cell line susceptibility to the 
emerging novel human betacoronavirus 2c EMC/2012: implications for disease pathogenesis and 
clinical manifestation. The Journal of infectious diseases 207, 1743-52. 

Chan, R.W., Chan, M.C., Agnihothram, S., Chan, L.L., Kuok, D.I., Fong, J.H., Guan; Y., Poon, L.L., 
Baric, R.S., Nicholls, J.M. and Peiris, J.S., 2013b. Tropism of and innate immune responses to the 
novel human betacoronavirus lineage C virus in human ex vivo respiratory organ cultures. 
Journal of virology 87, 6604-14. 

Chen, Y., Rajashankar, K.R., Yang, Y., Agnihothram, S.S., Liu, C., Lin, Y.L% Baric, R.S. and Li, F., 
2013. Crystal structure of the receptor-binding domain from newly emerged Middle East 
respiratory syndrome coronavirus. Journal of virology 87, 10777-83. 

Chowell, G., Blumberg, S., Simonsen, L., Miller, M.A. and Viboud, C.,2014. Synthesizing data and 
models for the spread of MERS-CoV, 2013: key role of index cases and hospital transmission. 
Epidemics 9, 40-51. 

Cockrell, A.S., Peck, K.M., Yount, B.L., Agnihothram, S.S., Scobey, T., Curnes, N.R., Baric, R.S. and 
Heise, M.T., 2014. Mouse dipeptidyl peptidase 4 is not a functional receptor for Middle East 
respiratory syndrome coronavirus infection. Journal of virology 88, 5195-9. 

Coleman, C.M., Liu, Y.V., Mu, H., Taylor, J.K Massare, M., Flyer, D.C., Glenn, G.M., Smith, G.E. and 
Frieman, M.B., 2014a. Purified coronavirus spike protein nanoparticles induce coronavirus 
neutralizing antibodies in mice. Vaccine 32, 3169-74. 

Coleman, C.M., Matthews, K.L., Goicochea, L. and Frieman, M.B., 2014b. Wild-type and innate 
immune-deficient mice are not.susceptible to the Middle East respiratory syndrome coronavirus. 
The Journal of general virology 95, 408-12. 

Corman, V.M., Eckerle, I., Bleicker, T., Zaki, A., Landt, O., Eschbach-Bludau, M., van Boheemen, S., 
Gopal, R., Ballhause, M.;Bestebroer, T.M., Muth, D., Muller, M.A., Drexler, J.F., Zambon, M., 
Osterhaus, A.D.; Fouchier, R.M. and Drosten, C., 2012. Detection of a novel human coronavirus 
by real-time reverse-transcription polymerase chain reaction. Euro surveillance : bulletin 
Europeen sur les maladies transmissibles = European communicable disease bulletin 17. 

de Groot, R.J., Baker, S.C., Baric, R.S., Brown, C.S., Drosten, C., Enjuanes, L., Fouchier, R.A., Galiano, 
M., Gorbalenya, A.E., Memish, Z.A., Perlman, S., Poon, L.L., Snijder, E.J., Stephens, G.M., 
Woo, P.C., Zaki, A.M., Zambon, M. and Ziebuhr, J., 2013. Middle East respiratory syndrome 
Coronavirus (MERS-CoV): announcement of the Coronavirus Study Group. Journal of virology 
87, 7790-2. 

de Wit, E., Prescott, J., Baseler, L., Bushmaker, T., Thomas, T., Lackemeyer, M.G., Martellaro, C., 
Milne-Price, S., Haddock, E., Haagmans, B.L., Feldmann, H. and Munster, V.J., 2013a. The 
Middle East respiratory syndrome coronavirus (MERS-CoV) does not replicate in Syrian 
hamsters. PloS one 8, e69127. 

de Wit, E., Rasmussen, A.L., Falzarano, D., Bushmaker, T., Feldmann, F., Brining, D.L., Fischer, E.R., 
Martellaro, C., Okumura, A., Chang, J., Scott, D., Benecke, A.G., Katze, M.G., Feldmann, H. and 
Munster, V.J., 2013b. Middle East respiratory syndrome coronavirus (MERS-CoV) causes 
transient lower respiratory tract infection in rhesus macaques. Proceedings of the National 
Academy of Sciences of the United States of America 110, 16598-603. 

Deming, D., Sheahan, T., Heise, M., Yount, B., Davis, N., Sims, A., Suthar, M., Harkema, J., Whitmore, 
A., Pickles, R., West, A., Donaldson, E., Curtis, K., Johnston, R. and Baric, R., 2006. Vaccine 


29 


125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 
170 
171 
172 
173 
174 
175 


efficacy in senescent mice challenged with recombinant SARS-CoV bearing epidemic and 
zoonotic spike variants. PLoS medicine 3, e525. 

Drosten, C., Seilmaier, M., Corman, V.M., Hartmann, W., Scheible, G., Sack, S., Guggemos, W., Kallies, 
R., Muth, D., Junglen, S., Muller, M.A., Haas, W., Guberina, H., Rohnisch, T., Schmid- 
Wendtner, M., Aldabbagh, S., Dittmer, U., Gold, H., Graf, P., Bonin, F., Rambaut, A. and 
Wendtner, C.M., 2013. Clinical features and virological analysis of a case of Middle East 
respiratory syndrome coronavirus infection. The Lancet. Infectious diseases 13, 745-51. 

Falzarano, D., de Wit, E., Feldmann, F., Rasmussen, A.L., Okumura, A., Peng, X., Thomas, M.J& van 
Doremalen, N., Haddock, E., Nagy, L., LaCasse, R., Liu, T., Zhu, J., McLellan, J.S., Scott, D.P., 
Katze, M.G., Feldmann, H. and Munster, V.J., 2014. Infection with MERS-CoV Causes Lethal 
Pneumonia in the Common Marmoset. PLoS pathogens 10, e1004250. 

Falzarano, D., de Wit, E., Martellaro, C., Callison, J., Munster, V.J. and Feldmann, H., 2013a. Inhibition 
of novel beta coronavirus replication by a combination of interferon-alpha2b and ribavirin. 
Scientific reports 3, 1686. 

Falzarano, D., de Wit, E., Rasmussen, A.L., Feldmann, F., Okumura, A., Scott, D.P., Brining, D., 
Bushmaker, T., Martellaro, C., Baseler, L., Benecke, A.G., Katze, M:G., Munster, V.J. and 
Feldmann, H., 2013b. Treatment with interferon-alpha2b and ribavirin improves outcome in 
MERS-CoV-infected rhesus macaques. Nature medicine 191313-7. 

Frieman, M., Yount, B., Agnihothram, S., Page, C., Donaldson, E» Roberts, A., Vogel, L., Woodruff, B., 
Scorpio, D., Subbarao, K. and Baric, R.S., 2012. Molecular determinants of severe acute 
respiratory syndrome coronavirus pathogenesis and virulence in young and aged mouse models of 
human disease. Journal of virology 86, 884-97. 

Graham, R.L. and Baric, R.S., 2010. Recombination, reservoirs, and the modular spike: mechanisms of 
coronavirus cross-species transmission. Journalof virology 84, 3134-46. 

Guery, B., Poissy, J., el Mansouf, L., Sejourne, C., Ettahar, N., Lemaire, X., Vuotto, F., Goffard, A., 
Behillil, S., Enouf, V., Caro, V., Mailles, A5 Che, D., Manuguerra, J.C., Mathieu, D., Fontanet, 
A. and van der Werf, S., 2013. Clinical features and viral diagnosis of two cases of infection with 
Middle East Respiratory Syndrome coronavirus: a report of nosocomial transmission. Lancet 381, 
2265-72. 

Guo, X., Deng, Y., Chen, H., Lan, J.s Wang, W., Zou, X., Hung, T., Lu, Z. and Tan, W., 2015. Systemic 
and mucosal immunity in mice elicited by a single immunisation with human adenovirus type 5 
or 41 vector-based vaccines carrying the spike protein of Middle East respiratory syndrome 
coronavirus (MERS-CoV). Immunology. 

Haagmans, B.L., Al Dhahiry, S.H., Reusken, C.B., Raj, V.S., Galiano, M., Myers, R., Godeke, G.J., 
Jonges, M4 Farag, E., Diab, A., Ghobashy, H., Alhajri, F., Al-Thani, M., Al-Marri, S.A., Al 
Romaihi, H.E.,Al Khal, A., Bermingham, A., Osterhaus, A.D., Alhajri, M.M. and Koopmans, 
M.P. 2014. Middle Fast respiratory syndrome coronavirus in dromedary camels: an outbreak 
investigation. The Lancet. Infectious diseases 14, 140-5. 

Haagmans, B.L., van den Brand, J.M., Provacia, L.B., Raj, V.S., Stittelaar, K.J., Getu, S., de Waal, L., 
Bestebroer, T.M., van Amerongen, G., Verjans, G.M., Fouchier, R.A., Smits, S.L., Thijs, K. and 
Osterhaus, A.D., 2015. Asymptomatic Middle East Respiratory Syndrome Coronavirus Infection 
in Rabbits. Journal of virology. 

Health Protection Agency, U.K.N.C.I.t., 2013. Evidence of person-to-person transmission within a family 
cluster of novel coronavirus infections, United Kingdom, February 2013. Euro surveillance : 
bulletin Europeen sur les maladies transmissibles = European communicable disease bulletin 18, 
20427. 

Hilgenfeld, R. and Peiris, M., 2013. From SARS to MERS: 10 years of research on highly pathogenic 
human coronaviruses. Antiviral research 100, 286-95. 

Kapoor, M., Pringle, K., Kumar, A., Dearth, S., Liu, L., Lovchik, J., Perez, O., Pontones, P., Richards, S., 
Yeadon-Fagbohun, J., Breakwell, L., Chea, N., Cohen, N.J., Schneider, E., Erdman, D., Haynes, 
L., Pallansch, M., Tao, Y., Tong, S., Gerber, S., Swerdlow, D. and Feikin, D.R., 2014. Clinical 


30 


176 
177 
178 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
200 
201 
202 
203 
204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 


and laboratory findings of the first imported case of Middle East respiratory syndrome 
coronavirus to the United States. Clinical infectious diseases : an official publication of the 
Infectious Diseases Society of America 59, 1511-8. 

Kindler, E., Jonsdottir, H.R., Muth, D., Hamming, O.J., Hartmann, R., Rodriguez, R., Geffers, R., 
Fouchier, R.A., Drosten, C., Muller, M.A., Dijkman, R. and Thiel, V., 2013. Efficient replication 
of the novel human betacoronavirus EMC on primary human epithelium highlights its zoonotic 
potential. mBio 4, e00611-12. 

Kucharski, A.J. and Althaus, C.L., 2015. The role of superspreading in Middle East respiratory syndrome 
coronavirus (MERS-CoV) transmission. Eurosurveillance 20. 

Kupferschmidt, K., 2015. Infectious diseases. MERS surges again, but pandemic jitters ease. Science 347, 
1296-7. 

Lambeir, A.M., Durinx, C., Scharpe, S. and De Meester, I., 2003. Dipeptidyl-peptidase LV from bench to 
bedside: an update on structural properties, functions, and clinical aspects,of the enzyme DPP IV. 
Critical reviews in clinical laboratory sciences 40, 209-94. 

Lu, G., Hu, Y., Wang, Q., Qi, J., Gao, F., Li, Y., Zhang, Y., Zhang, W., Yuan; Y., Bao, J., Zhang, B., Shi, 
Y., Yan, J. and Gao, G.F., 2013. Molecular basis of binding between novel human coronavirus 
MERS-CoV and its receptor CD26. Nature 500, 227-31. 

Muller, M.A., Corman, V.M., Jores, J., Meyer, B., Younan, M., Liljander, A., Bosch, B.J., Lattwein, E., 
Hilali, M., Musa, B.E., Bornstein, S. and Drosten, C., 2014. MERS coronavirus neutralizing 
antibodies in camels, Eastern Africa, 1983-1997. Emerg Infect Dis 20, 2093-5. 

Muller, M.A., Meyer, B., Corman, V.M., Al-Masri, M., Turkestani, A., Ritz, D., Sieberg, A., Aldabbagh, 
S., Bosch, B.J., Lattwein, E., Alhakeem, R.F., AssirijA.M., Albarrak, A.M., Al-Shangiti, A.M., 
Al-Tawfigq, J.A., Wikramaratna, P., Alrabeeah, A.A., Drosten, C. and Memish, Z.A., 2015. 
Presence of Middle Fast respiratory syndrome coronavirus antibodies in Saudi Arabia: a 
nationwide, cross-sectional, serologicalstudy. The Lancet. Infectious diseases. 

Muller, M.A., Raj, V.S., Muth, D., Meyer, B., Kallies, S., Smits, S.L., Wollny, R., Bestebroer, T.M., 
Specht, S., Suliman, T., Zimmermann, K., Binger, T., Eckerle, I., Tschapka, M., Zaki, A.M., 
Osterhaus, A.D., Fouchier, R.A., Haagmans, B.L. and Drosten, C., 2012. Human coronavirus 
EMC does not require the SARS-coronavirus receptor and maintains broad replicative capability 
in mammalian cell lines. mBio 3. 

Munster, V.J., de Wit, E. and Feldmann, H., 2013. Pneumonia from Human Coronavirus in a Macaque 
Model. The New England journal of medicine. 

Pascal, K.E., Coleman, €.M., Mujica, A.O., Kamat, V., Badithe, A., Fairhurst, J., Hunt, C., Strein, J., 
Berrebi, A., Sisk, J.M., Matthews, K.L., Babb, R., Chen, G., Lai, K.V., Huang, T.T., Olson, W., 
Yancopoulos,-G.D., Stahl, N., Frieman, M.B. and Kyratsous, C.A., 2015. Pre- and postexposure 
efficacy of fully human antibodies against Spike protein in a novel humanized mouse model of 
MERS-CoV infection. Proceedings of the National Academy of Sciences of the United States of 
America. 

Peck, KM., Cockrell, A.S., Yount, B.L., Scobey, T., Baric, R.S. and Heise, M.T., 2015. Glycosylation of 
Mouse DPP4 Plays a Role in Inhibiting Middle East Respiratory Syndrome Coronavirus 
Infection. Journal of virology 89, 4696-9. 

Raj, V'S., Farag, E.A., Reusken, C.B., Lamers, M.M., Pas, S.D., Voermans, J., Smits, S.L., Osterhaus, 
A.D., Al-Mawlawi, N., Al-Romaihi, H.E., AlHajri, M.M., El-Sayed, A.M., Mohran, K.A., 
Ghobashy, H., Alhajri, F., Al-Thani, M., Al-Marri, S.A., El-Maghraby, M.M., Koopmans, M.P. 
and Haagmans, B.L., 2014a. Isolation of MERS coronavirus from a dromedary camel, Qatar, 
2014. Emerg Infect Dis 20, 1339-42. 

Raj, V.S., Mou, H., Smits, S.L., Dekkers, D.H., Muller, M.A., Dijkman, R., Muth, D., Demmers, J.A., 
Zaki, A., Fouchier, R.A., Thiel, V., Drosten, C., Rottier, P.J., Osterhaus, A.D., Bosch, B.J. and 
Haagmans, B.L., 2013. Dipeptidyl peptidase 4 is a functional receptor for the emerging human 
coronavirus-EMC. Nature 495, 251-4. 


31 


226 
227 
228 
229 
230 
231 
232 
233 
234 
235 
236 
237 
238 
239 
240 
241 
242 
243 
244 
245 
246 
247 
248 
249 
250 
251 
252 
253 
254 
255 
256 
257 
258 
259 
260 
261 
262 
263 
264 
265 
266 
267 
268 
269 
270 
271 
272 
273 
274 
275 


Raj, V.S., Smits, S.L., Provacia, L.B., van den Brand, J.M., Wiersma, L., Ouwendijk, W.J., Bestebroer, 
T.M., Spronken, M.I., van Amerongen, G., Rottier, P.J., Fouchier, R.A., Bosch, B.J., Osterhaus, 
A.D. and Haagmans, B.L., 2014b. Adenosine deaminase acts as a natural antagonist for 
dipeptidyl peptidase 4-mediated entry of the Middle East respiratory syndrome coronavirus. 
Journal of virology 88, 1834-8. 

Reusken, C.B., Ababneh, M., Raj, V.S., Meyer, B., Eljarah, A., Abutarbush, S., Godeke, G.J., Bestebroer, 
T.M., Zutt, I., Muller, M.A., Bosch, B.J., Rottier, P.J., Osterhaus, A.D., Drosten, C., Haagmans, 
B.L. and Koopmans, M.P., 2013. Middle East Respiratory Syndrome coronavirus (MERS-CoV) 
serology in major livestock species in an affected region in Jordan, June to September 2013. Euro 
surveillance : bulletin Europeen sur les maladies transmissibles = European communicable 
disease bulletin 18, 20662. 

Roberts, A., Deming, D., Paddock, C.D., Cheng, A., Yount, B., Vogel, L., Herman, B.D4 Sheahan, T., 
Heise, M., Genrich, G.L., Zaki, S.R., Baric, R. and Subbarao, K., 2007. Amouse-adapted SARS- 
coronavirus causes disease and mortality in BALB/c mice. PLoS pathogens 3, e5. 

Safronetz, D., Geisbert, T.W. and Feldmann, H., 2013. Animal models for highly pathogenic emerging 
viruses. Current opinion in virology 3, 205-9. 

Tang, J., Zhang, N., Tao, X., Zhao, G., Guo, Y., Tseng, C.T., Jiang, S. Du, brand Zhou, Y., 2015. 
Optimization of antigen dose for a receptor-binding domain-based subunit vaccine against MERS 
coronavirus. Human vaccines & immunotherapeutics, 0. 

Tseng, C.T., Sbrana, E., Iwata-Yoshikawa, N., Newman, P.C.,Garron, T., Atmar, R.L., Peters, C.J. and 
Couch, R.B., 2012. Immunization with SARS coronavirus vaccines leads to pulmonary 
immunopathology on challenge with the SARS virus»PloS one 7, e35421. 

Tsunetsugu- Yokota, Y., Ato, M., Takahashi, Y., Hashimoto, S., Kaji, T., Kuraoka, M., Yamamoto, K., 
Mitsuki, Y.Y., Yamamoto, T., Oshima, M., Ohnishi, K. and Takemori, T., 2007. Formalin-treated 
UV-inactivated SARS coronavirus vaccine retains its immunogenicity and promotes Th2-type 
immune responses. Japanese journal of infectious diseases 60, 106-12. 

U.S. Department of Health and Human Services Food and Drug Administration, 2014. Guidance for 
Industry; Product development under the animal rule. 

van Doremalen, N., Miazgowicz, K.L.,.Milne-Price, S., Bushmaker, T., Robertson, S., Scott, D., Kinne, 
J., McLellan, J.S., Zhu, J<and Munster, V.J., 2014. Host Species Restriction of Middle East 
Respiratory Syndrome Coronavirus through its Receptor Dipeptidyl Peptidase 4. Journal of 
virology. 

Vennema, H., de Groot, R.J., Harbour, D.A., Dalderup, M., Gruffydd-Jones, T., Horzinek, M.C. and 
Spaan, W.J., 1990. Early death after feline infectious peritonitis virus challenge due to 
recombinant vaccinia virus immunization. Journal of virology 64, 1407-9. 

Volz, A., Kupke, Ax, Song, F., Jany, S., Fux, R., Shams-Eldin, H., Schmidt, J., Becker, C., Eickmann, M., 
Becker, S. and Sutter, G., 2015. Protective efficacy of recombinant Modified Vaccinia virus 
Ankara (MVA) delivering Middle East Respiratory Syndrome coronavirus spike glycoprotein. 
Journal of virology. 

Wang, N., Shi, X., Jiang, L., Zhang, S., Wang, D., Tong, P., Guo, D., Fu, L., Cui, Y., Liu, X., Arledge, 
K.C., Chen, Y.H., Zhang, L. and Wang, X., 2013. Structure of MERS-CoV spike receptor- 
binding domain complexed with human receptor DPP4. Cell research 23, 986-93. 

WHO. 2015. Coronavirus infections, http://www.who.int/emergencies/mers-cov/en/. 

Wong, C.K., Lam, C.W., Wu, A.K., Ip, W.K., Lee, N.L., Chan, I.H., Lit, L.C., Hui, D.S., Chan, M.H., 
Chung, S.S. and Sung, J.J., 2004. Plasma inflammatory cytokines and chemokines in severe acute 
respiratory syndrome. Clinical and experimental immunology 136, 95-103. 

Yao, Y., Bao, L., Deng, W., Xu, L., Li, F., Lv, Q., Yu, P., Chen, T., Xu, Y., Zhu, H., Yuan, J., Gu, S., 
Wei, Q., Chen, H., Yuen, K.Y. and Qin, C., 2014. An animal model of MERS produced by 
infection of rhesus macaques with MERS coronavirus. The Journal of infectious diseases 209, 
236-42. 





32 


276 
277 
278 
279 
280 
281 
282 
283 
284 
285 
286 
287 
288 
289 


290 


Yasui, F., Kai, C., Kitabatake, M., Inoue, S., Yoneda, M., Yokochi, S., Kase, R., Sekiguchi, S., Morita, 
K., Hishima, T., Suzuki, H., Karamatsu, K., Yasutomi, Y., Shida, H., Kidokoro, M., Mizuno, K., 
Matsushima, K. and Kohara, M., 2008. Prior immunization with severe acute respiratory 
syndrome (SARS)-associated coronavirus (SARS-CoV) nucleocapsid protein causes severe 
pneumonia in mice infected with SARS-CoV. J Immunol 181, 6337-48. 

Zhao, J., Li, K., Wohlford-Lenane, C., Agnihothram, S.S., Fett, C., Zhao, J., Gale, M.J., Jr., Baric, R.S., 
Enjuanes, L., Gallagher, T., McCray, P.B., Jr. and Perlman, S., 2014. Rapid generation of a 
mouse model for Middle East respiratory syndrome. Proceedings of the National Academy of 
Sciences of the United States of America 111, 4970-5. 

Zhao, J., Perera, R.A., Kayali, G., Meyerholz, D., Perlman, S. and Peiris, M., 2015. Passive 
immunotherapy with dromedary immune serum in an experimental animal model for middle East 
respiratory syndrome coronavirus infection. Journal of virology 89, 6117-20. 


33 


291 


292 


293 


294 
295 
296 
297 
298 
299 
300 
301 
302 
303 


304 


MUNSTER Highlights Bray edits 16 July 


e MERS-CoV has infected >1100 patients to date, with an associated case fatality rate of 
approximately 40%. 

e Animals ranging from mice to rabbits to nonhuman primates have been inoculated with 
MERS-CoV, with varying outcomes. 

e Mice expressing human DPP4 are susceptible to infection and develop severe disease. 

e Rhesus macaques and marmosets are also susceptible, but marmosets develop more severe 
disease. 

e Further development of appropriate animal models to conduct medical countermeasure 
research is a public health priority. 
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